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Temperature plays a fundamental role in determining phytoplankton community structure, 27 
distribution, and abundance. With climate models predicting increases in ocean surface 28 
temperatures of up to 3.2°C by 2100, there is a genuine need to acquire data on the phenotypic 29 
plasticity, and thus performance, of phytoplankton in relation to temperature. We investigated 30 
the effects of temperature (14 - 28 °C) on the growth, morphology, productivity, silicification 31 
and macromolecular composition of the marine diatom Thalassiosira pseudonana. Optimum 32 
growth rate and maximum P:R ratio were obtained around 21 °C. Cell volume and chlorophyll 33 
a increased with temperature, as did lipids and proteins. One of the strongest temperature-34 
induced shifts was the higher silicification rates at low temperature. Our results reveal 35 
temperature-driven responses in physiological, morphological and biochemical traits in T. 36 
pseudonana; whereby at supra-optimal temperatures cells grew slower, were larger, had higher 37 
chlorophyll and protein content but reduced silicification, while those exposed to sub-optimal 38 
temperatures were smaller, heavily silicified with lower lipid and chlorophyll content. If 39 
conserved across species, our findings indicate that as oceans warm, we may see shifts in 40 
diatom phenotypes and community structure, with potential biogeochemical consequences of 41 
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Temperature defines the biogeographical boundaries and distribution of major groups of 51 
phytoplankton (Longhurst 2010), but with ocean temperatures predicted to warm between 1.2-52 
3.2 °C by 2100 (Gattuso et al. 2015; Meehl et al. 2007), changes to phytoplankton 53 
biogeography are expected. As temperature zones shift due to climate change, we are seeing 54 
the displacement of local or regional species by species that are better suited to the new 55 
environmental conditions (Barton et al. 2016; Burrows et al. 2014). While spatial changes in 56 
ocean temperature could lead to altered species distributions, temporal changes could affect the 57 
timing of spring blooms (Edwards and Richardson 2004; Gao et al. 2012). To gain insight into 58 
how species distribution and productivity might shift, and whether or not these shifts will alter 59 
the functionality of phytoplankton, either through changes in nutritional value, grazing or 60 
sinking rates, it is useful to explore phenotypic responses of model organisms to environmental 61 
gradients such as temperature. 62 
 63 
Diatoms make excellent model organisms for assessing phytoplankton trends. Globally 64 
distributed and responsible for more than 40% of all ocean carbon fixation, diatoms are major 65 
contributors to global primary production and play a significant role in the ocean’s biological 66 
pump, removing CO2 from near surface waters to ocean depths (Tréguer et al. 2018; Tréguer 67 
and De La Rocha 2013). As major primary producers, they also influence biogeochemical 68 
cycling of elements, accumulating macronutrients and trace metals such as N, P, Si and Fe, 69 
which either sink to depth, are remineralised in surface waters or are consumed by higher 70 
trophic levels (Falkowski et al. 1998; Twining et al. 2008). Diatoms are distinguished from 71 
other phytoplankton groups by their frustules, a distinctive two-part cell wall made of hydrated 72 
silicon dioxide (Martin-Jezequel et al. 2000). Producing an estimated 6 Tmol Si year-1, diatoms 73 
are the primary manufacturers of biogenic silica and an essential component of the marine 74 




Phytoplankton growth rate in response to temperature is often described by a bell-shaped curve, 77 
however due to evolved gene expression, phenotypic acclimation to temperature changes vary 78 
between species and strains (Boyd et al. 2013; Huertas et al. 2011; Liang et al. 2019; Suzuki 79 
and Takahashi 1995). The bell shape emerges as organisms exposed to sub-optimal 80 
temperatures are warmed towards their optima. This increase in growth temperature results in 81 
a positive effect on photosynthesis and cell division, which can be explained by the 82 
enhancement of enzymatic activities, particularly those associated with the Calvin cycle. As 83 
temperatures exceed the thermal optimum however, growth rate sharply decreases. This is 84 
often attributed to heat stress and the detrimental effect it can have on enzyme function and 85 
proteins involved in photosynthesis (Mathur et al. 2014; Salvucci and Crafts‐Brandner 2004), 86 
thereby inhibiting growth. 87 
 88 
The nutritional value of phytoplankton and how efficiently biomass can be transferred between 89 
trophic levels is reliant on phenotypic characteristics including morphology, biochemical 90 
composition, and digestibility (Brown 2002; Thompson et al. 1992; Van Donk et al. 2011).  91 
Studies on the biochemical composition of phytoplankton have shown temperature can affect 92 
lipid, protein and carbohydrate content of cells. When grown above or below their optimum 93 
temperature microalgae experience a decrease in total lipid content (Converti et al. 2009), and 94 
at lower temperatures cell membrane can become more rigid causing an increase in the 95 
production of unsaturated fatty acids to increase membrane fluidity (Juneja et al. 2013; Renaud 96 
et al. 2002). Temperature has also been shown to affect protein content in microalgae, however 97 
the direction of change is variable and it has been suggested to be dependent on the 98 
evolutionarily defined thermal history of the strain being tested (Liang et al. 2019). Growth 99 
morphology and cell size also influence trophic energy transfer efficiency and both attributes 100 
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have been linked to carbon export from surface waters, whereby larger, chain forming or 101 
aggregating cells, are associated with greater sinking rates, and thus greater carbon export 102 
(Finkel et al. 2009). With diatoms, silica content is an important consideration, whereby larger 103 
cells generally have more silica, and therefore sink more readily, as silica has a higher density 104 
than seawater (Smetacek 2000). However, studies on diatom clones grown at a range of 105 
temperatures, have shown decreased silicification rates at warmer temperatures (Baker et al. 106 
2016), indicating thinner frustules, which would reduce sinking rates by decreased density and 107 
increased grazing potential (Raven and Waite 2004).  108 
 109 
In light of the complexity surrounding temperature-driven phenotypic responses in 110 
phytoplankton, there is a need to better understand how temperature influences growth, 111 
macromolecular composition and silica accumulation in concert, as even small changes to any 112 
or all of these traits has the potential to alter trophic dynamics, as well as carbon and silica 113 
fluxes throughout the global ocean. In this study, we investigate phenotypic traits, including 114 
growth, cell size, chlorophyll content and productivity in the model diatom species T. 115 
pseudonana acclimated to eight temperatures (14 - 28°C). We then combine those traits with 116 
measured changes in silica deposition rates and macromolecular composition to better 117 
understand the potential influence of ocean warming on diatom fitness, trophic energy transfer 118 
and the biological pump. 119 
 120 
Methods 121 
Culturing and experimental protocol 122 
The marine centric diatom Thalassiosira pseudonana (Hustedt) Hasle et Heimdal used in this 123 
study was originally isolated from the Swan River Estuary in Western Australia and was 124 
obtained from the Australian National Algae Culture Collection (CSIRO – strain CS-20). 125 
6 
 
Cultures were grown in sterilised glass Erlenmeyer flasks containing 0.22 μm filter sterilised 126 
natural seawater enriched with F/2 medium (Guillard and Ryther 1962) and maintained in a 127 
temperature controlled incubator at 20 °C under a 12:12 hour light:dark cycle with light 128 
provided at 100 μmol photons m-2 s-1. For the present experiment, aliquots of T. pseudonana 129 
were transferred into 75 cm2 sterile tissue culture bottles (n = 4)and incubated in aquaria  under 130 
controlled temperature conditions. Tanks were kept at constant temperatures (14, 16, 18, 20, 131 
22, 24, 26 and 28°C) using heater/chillers (Julabo, Germany) and monitored for the entire 132 
experimental period using submersible temperature sensors (Thermochron iButton, United 133 
States), logging temperature every 5 min (Table 1). Programmable 150W LED aquarium lights 134 
(with a 1:1 mix of blue (470 nm) and white (8000K) LEDs; Phantom CIDLY, China) were 135 
positioned at a set distance along the front side of the tanks. The lights were programmed using 136 
a 16-step light curve to simulate a natural diel cycle (12:12, L:D) with a daily average of 250 137 
μmol photons m-2 s-1. Each bottle had two pieces of tubing inserted to allow for an aeration 138 
system (with humidifier) and a syringe to allow for sterile subsampling. Cells were acclimated 139 
to the experimental conditions for five weeks under semi-continuous culturing, with  dilutions 140 
of fresh medium every five-six days (1 mL: 100 mL fresh medium), as cells reached stationary 141 
phase. During the last two weeks of the acclimation period, growth rates were obtained to check 142 
cells had acclimated to their respective temperatures (i.e. rates were the same over two growth 143 
cycles) before growing cells for harvesting in exponential phase (day 4-5). Apart from daily 144 
sampling for cell density, all subsampling was performed on the same day. All culturing was 145 
conducted under sterile (laminar flow) conditions. 146 
 147 
Growth rate, cell size, productivity, photosynthesis and chlorophyll content 148 
Cell density was measured daily (n = 4). Aliquots of 1 mL were subsampled cleanly using a 149 
sterile syringe and fixed in glutaraldehyde (1% v/v final concentration), then stored at 4 °C for 150 
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at least 1 h. Cell count and volume was determined using a particle counter (MultisizerTM 4 151 
Coulter Counter® Beckman Coulter Inc., California, USA) with a 100 micron aperture tube. 152 
Sample volumes were diluted (1:10) with filtered seawater (0.22 μm filter) to meet instrument 153 
operational requirements (minimum analytical volume of 5 mL). Population statistics (cell 154 
density and cell size) were calculated on > 500 cells, using a size-range specific gating, and 155 
specific growth rates calculated using the difference in cell densities between days 4 and 5. The 156 
growth conditions (high light and bubbling) resulted in a very short exponential phase (< 48 157 
h), meaning only two data points could be used for obtaining growth rates before cultures 158 
entered stationary phase or began to decline. Using only two data points could result in an 159 
underestimation of absolute growth rates, however, for the purpose of this study, it was the 160 
shape of the response to temperature as opposed to absolute rates, which was of primary 161 
interest.  162 
 163 
Chlorophyll a concentration (n = 4) was determined by filtering 15 mL of culture onto GF/C 164 
filters that were then flash frozen in liquid N2 and stored at -80 °C until analysis. Pigments 165 
were extracted in 90% acetone and incubating at 4°C in the dark for 24 h. Chlorophyll content 166 
was determined using a spectrophotometer (Cary50:Varian, Santa Clara, CA, USA) and 167 
calculated using the equations of (Jeffrey and Humphrey 1975), modified by Ritchie (2006). 168 
 169 
Using a four-channel fiber-optic oxygen meter (Pyroscience FireSting O2, Germany) net O2 170 
production and respiration were measured. The custom-built system consisted of four 5.1 mL 171 
glass vials with oxygen sensor spots (Pyroscience, Germany) attached on the inside of the vials 172 
using non-toxic silicon glue (Sheehan et al. 2020). To obtain dark respiration and net 173 
photosynthesis rates, cultures were subsampled (n = 4) to fill each vial (no headspace) and then 174 
sealed. All vials were stirred continuously using cuvette stirrers to allow homogenous mixing 175 
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of gases throughout the measurement. The rack holding the vials was then placed in the tank 176 
from where the samples originated and covered to block out all light. Oxygen concentration 177 
was measured continuously and data collected every 1 s. Measurements were carried out for > 178 
5 min (at least 300 data points per rate estimate), until the change in oxygen concentration was 179 
linear over time and the end point at least 2-3 times lower than the intrinsic noise in the optode 180 
signal (5-20 min). Following recording in the dark, the cover was removed and samples 181 
exposed to light (250 μmol photons m-2 s-1)  until the net photosynthetic rate became linear and 182 
oxygen concentration was 2-3 greater than the intrinsic noise of the optode.  Respiration and 183 
photosynthesis rates were determined from the slope of the change of oxygen concentration in 184 
the vials and gross productivity calculated by summing of respiration and net production rates. 185 
From these two parameters, the photosynthesis to respiration ratio (P:R), a measure of carbon 186 
use efficiency, was determined. At the end of measurements, a 1 mL aliquot was taken from 187 
each vial and fixed with glutaraldehyde (1% v/v final concentration) to determine the cell 188 
density of the sample (using the Multisizer as described above). 189 
 190 
Photosynthetic health of the cultures was measured using a Pulse Amplitude Modulated (PAM) 191 
fluorometer (Water- PAM; Walz GmbH, Effeltrich, Germany). For all temperatures, maximum 192 
quantum yield of PSII (FV/FM), a measure of maximum photochemical potential, was recorded 193 
after 10 min dark-adaptation followed by a saturating pulse of light (intensity=10, width=0.8). 194 
For determination of the effective quantum yield of PSII (ΔF/FM′), which is a measure of 195 
electron transport efficiency at growth irradiance, measurements of F′ and FM′ were taken after 196 
10-15 min exposure to average light conditions (250 μmol photons m-2 s-1) for all temperatures. 197 
Non-photochemical quenching (NPQ), a measure of heat dissipation from the reaction centre 198 
of PSII and form of photoprotection, was calculated from the dark and light-adapted maximum 199 





To determine temperature specific rates of silica precipitation by T. pseudonana, subsamples 203 
of exponentially growing culture from the 16, 20, 24 and 28 °C treatments (n = 3) were 204 
incubated under experimental conditions for 24 h in the presence of a fluorescent probe (final 205 
concentration 0.125 µM) Lysosensor Yellow/Blue DND-160 (PDMPO, ThermoFisher 206 
Scientific, Australia) following the methods detailed by Leblanc and Hutchins (2005). Total 207 
biogenic silicate (bSi) production and active silica deposition of the culture populations were 208 
measured by filtering the incubated culture onto a 47 mm polycarbonate filter (0.6 µm; 209 
Millipore, Bayswater, Australia), which was then rinsed with filtered seawater to remove 210 
residual and unbound PDMPO. Diatom frustules were initially solubilised via a hot-alkaline-211 
digest to release frustule-bound PDMPO before fluorometric analysis via a scanning UV-212 
spectrofluorometer (50 Bio; Cary, Agilent Technologies, U.S.A.) set to excite at 375 nm. 213 
Samples were compared against a standard curve (R2 = 0.995) made with 125 µM PDMPO 214 
solution that was prepared using the digestion (NaOH-HCl) matrix. Using a separate aliquot of 215 
the alkaline-digest, colorimetric analysis of reactive silicate was conducted following the 216 
methodology of Strickland and Parsons (1968) and modified by Nelson et al. (1989). 217 
Absorbance was measured at 810 nm (Cary Eclipse, Agilent Technologies, U.S.A.) and 218 
compared against a standard curve (R2 = 0.997) made with sodium metasilicate stock solution. 219 
Data were normalised to cell density and volume that was measured following PDMPO 220 
incubation using the particle counter, as described above. By measuring both PDMPO 221 
incorporation and total bSi of the culture, we were able to determine if temperature influenced 222 
rate of newly precipitated silicate deposition into the diatom frustules. 223 
 224 
Macromolecular composition 225 
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To determine macromolecular (protein and lipid) compositional changes with temperature, 226 
cells fixed with 2% formalin were analysed using Fourier Transform Infrared (FTIR) 227 
microspectroscopy. Spectral data were collected on the Infrared Microspectroscopy Beamline 228 
(2BMIB) at the Australian Synchrotron, Melbourne, Australia in November 2015 according to 229 
methods described previously (Petrou et al. 2018; Sheehan et al. 2020) with some 230 
modifications. Briefly, formalin fixed cells were pipetted directly onto a calcium fluoride 231 
window (0.3 mm thick) and sealed within a modified micro-compression chamber (Spectratech 232 
inc., Oak Ridge, USA; (Tobin et al. 2010) to prevent evaporation before and during 233 
measurements. Measurements were made on hydrated cells to reduce resonant mie scattering 234 
(RmieS; (Bambery et al. 2012). Spectra were acquired over the measurement range 4000-800 235 
cm-1 with a Vertex 80v FTIR spectrometer (Bruker Optics, Ettlingen, Germany) in conjunction 236 
with an IR microscope (Hyperion 2000, Bruker) fitted with a mercury cadmium telluride 237 
detector cooled with liquid nitrogen. The microscope was connected to a computer-controlled 238 
microscope stage contained within a box purged with dehumidified air. Measurements were 239 
made in transmission mode at an aperture size of 5 µm x 5 µm and spectral acquisition and 240 
instrument control were performed using Opus 6.5 software (Bruker). Spectra were analysed 241 
using custom made scripts with the regions of 3050−2800 and 1770−1100 cm−1, which contain 242 
the major biological bands, selected for analysis. Data were smoothed (4 points either side) and 243 
second derivative (third-order polynomial) transformed using the Savitzky-Golay algorithm 244 
from the ‘prospectr’ package (Stevens and Ramirez-Lopez 2013) and then normalised using 245 
the single normal variate (SNV) method. Macromolecular content for biomolecules of interest 246 
(Table 2) was determined by integrating the area under each assigned peak, providing 247 
metabolite content according to the Beer-Lambert Law that assumes a direct relationship 248 
between absorbance and analyte concentration (Wagner et al. 2010). Peak areas for each 249 
protein- or lipid-related macromolecule were compared across four temperatures to uncover 250 
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temperature-driven changes in diatom energy storage allocation, uncovering potential 251 
physiological changes in the cell and indicating biochemical shifts that may influence food web 252 
dynamics. 253 
 254 
Data analysis 255 
All plots and data analyses were performed in R 3.6 (R Development Core Team 2018). 256 
Phenotypic trait data (growth rates, biovolume and P:R) were tested for temperature-driven 257 
responses using a non-linear quadratic fit, while cell volume and chlorophyll a content were 258 
log transformed and tested for temperature-driven trends using linear regression. Fluorescence 259 
parameters, macromolecular content and silicification were analysed for statistical significance 260 
using a one-way Analysis of Variance (ANOVA) with temperature as a fixed factor and a 261 
significant level ( α) < 0.05.  To better understand the relationships between variables, a 262 
principle component analysis (PCA) was conducted on key functional traits for strains grown 263 
at 16, 20, 24 and 28 °C, using the ggbiplot package.  264 
 265 
Results 266 
Temperature-dependent growth rates of T. pseudonana followed an expected bell-shaped 267 
response (R2 = 0.59; F2,29 = 20.88, p < 0.0001) across the temperature range used (14 – 28 °C) 268 
with a maximum growth rate of 4.96 ± 0.32 d-1 (mean ± SD) at a thermal optimum (Topt) of 269 
21.05 °C and minimum growth rates of 0.99 ± 0.1 d-1 at 14 °C (Fig. 1a). There was minimal 270 
change in growth rates between 16 and 24 °C, suggesting T. pseudonana has a broad thermal 271 
niche, however, temperatures on either side of these values resulted in a steep decline in growth 272 
rate. When compared with a thermal performance curve generated from T. pseudonana growth 273 
rates compiled by Kremer et al. (2017), the pattern and thermal optimum from this study was 274 
close to those of previous work, with a Topt of 22 °C (Fig. 1b). Cell volume more than doubled 275 
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from 14 to 28 °C, following a linear (R2 = 0.80; p <0.0001) increase with temperature (Fig. 276 
2a). Chlorophyll a quota showed a similar response (R2 = 0.24; p-value = 0.004), although with 277 
some deviation around the Topt (Fig. 2b). A reasonable correlation (R2 = 0.32; p < 0.0008) 278 
however, was obtained between the two parameters (Fig. 2c). The total biovolume of the 279 
culture (a product of maximum cell density and cell volume) followed a bell-shaped response 280 
(R2 = 0.49; F2,29 = 14.14; p <0.0001), matching growth rate data, with a maximum yield at 20.9 281 
°C and a steep drop off in yields at 14 °C and temperatures above 24 °C (Fig. 2d).  282 
 283 
Gross primary productivity to respiration ratio (P:R) followed a bell-shaped curve (R2 = 0.29; 284 
F2,29 = 5.87; p = 0.007) showed no significant change from 14 – 18 °C, but rapidly increased 285 
to values around 4:1 between 20 and 24 °C before declining again, with a Topt of 21.3 °C (Fig. 286 
3a). Interestingly, there were no clear temperature trends or changes in chlorophyll a 287 
fluorescence parameters (Fig. 3b), and with the exception of a dip at 18 °C, no temperature-288 
driven differences were detected in maximum quantum yield of PSII (FV/FM), light-adapted 289 
effective quantum yield (ΔF/FM′) or non-photochemical quenching (NPQ). Growth rate as a 290 
function of cell volume followed a bell curve, where cells growth at Topt were moderate in cell 291 
size, whereas the largest and smallest cells fell outside optimal growth conditions (Fig 3c). 292 
Growth rate as a function of carbon use efficiency (P:R) showed no clear relationship, instead 293 
suggesting a disconnect between productivity and growth at all temperatures (Fig. 3d). 294 
 295 
Biogenic silica (bSi) per cell volume was not signifantly different between temperature 296 
treatements as a result of the high variability between measurement (Fig. 4a). However, a linear 297 
regression on all data points revealed a significant temperature-dependent relationship (R2 = 298 
0.39; F1,10 = 6.36; p = 0.030), with bSi diminishing with increased temperature (Fig. 4a). 299 
Silicate deposition rate, determined by measuring the incorporation of PDMPO over time, 300 
13 
 
normalised to cell volume showed significantly higher silicification (F3,8 = 19.91; p < 0.0004) 301 
in cells grown at 16 °C (Fig. 4b), from an average of < 2 at 28 °C to over 6 amol PDMPO µm-302 
3. While there was a strong influence of cell size on silica content—with PDMPO incorporation 303 
rates four-fold higher at 16 °C than at 28 °C—the difference in cell size alone cannot account 304 
for the difference in PDMPO incorporation, as changes in cell volume were linear between 16 305 
and 28 °C (Fig. 2a), whereas PDMPO per unit volume showed a non-linear response to 306 
temperature. Instead, PDMPO incorporation rate showed a distinct increase at 16 °C, with no 307 
variability amongst the warmer temperatures (Fig. 4b).  308 
 309 
We detected temperature-related changes in cellular content of saturated lipids (2918 cm-1), 310 
with 16 °C significantly lower (F3,149 = 18.41; p < 0.005) than all other temperatures, and 20 311 
°C significantly lower (p = 0.018) than 28 °C (Fig. 5a). There was also a significant increase 312 
in saturated fatty acids (2850 cm-1) with increasing temperature (Fig. 5b), where cells grown at 313 
16 °C had significantly lower fatty acid concentrations than those grown at 24 °C  and 28 °C 314 
(F3,149 = 14.83; p ≤ 0.001), and cells grown at 20 °C had lower fatty acid content than those 315 
grown at 28 °C ( F3,149 = 14.83; p = 0.002). The ester functional groups (related to v(C=O) 316 
stretching from lipids and fatty acids; 1745 cm-1), reached a maximum at 20 °C, with those 317 
cells having significantly higher concentrations than those grown at 16 °C (F3,128 = 8.66, p < 318 
0.0001) and 28 °C (p = 0.04; Fig. 5c). Protein (Amide II 1540 cm-1) also increased with 319 
temperature (Fig. 5d), with strains grown at 28 °C having significantly higher protein content 320 
than those grown at all other temperatures (F3,143 = 12.81; p < 0.0001). Similarly, the protein-321 
related methyl groups (1460 cm-1) were significantly higher in the cells grown at 28 °C (F3,147 322 
= 14.04; p ≤ 0.0002; Fig. 5e). The cell-specific lipid to protein ratio followed a bell shape, with 323 
a peak in lipid:protein content at 20 °C (F3,121 = 7.58; p = 0.0001; Fig. 6a). Despite the similar 324 
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ratios, the ratio at 16 °C was a result of lower relative concentrations of both macromolecules, 325 
whereas the lowered ratio at 28 °C was driven by a strong increase in protein content (Fig. 5). 326 
 327 
The relationship between relative protein content and silicification (overlaid with cell volume), 328 
showed that temperature had no effect on silica content at supra-optimal temperatures (above 329 
20 °C), whereas protein increased in both directions, i.e. in cells grown outside their 330 
temperature optimum (Fig. 6b). Importantly, as with silica content, the difference in cell size 331 
alone cannot account for the difference in protein in the cells, instead the response pattern is 332 
driven largely by temperature. Similarly, we saw an inverse temperature relationship between 333 
cell silicification and saturated fatty acid content, whereby cells at the warmest temperature 334 
had the lowest silica precipitation rates but the highest saturated fatty acid content (Fig. 6c). 335 
Combined, these data show that the cells grown in the warmest conditions were larger, richer 336 
in both lipids and proteins with reduced frustule thickness. Combining physiological and 337 
morphological trait data using principle component analysis (PCA), we see clear temperature-338 
driven separation of T. pseudonana phenotypes, with PC1 explaining almost 52.3% of the 339 
variability, and PC2 explaining another 20.4% (Fig. 7). The phenotypic traits of greatest 340 
influence along PC1 were growth rate, FV/FM and biovolume, which were anticorrelated with 341 
Chl a content. PC2 was most influenced by the strong increase in PDMPO in low temperature 342 
cells followed by differences in P:R. Cell volume followed temperature, influencing both axes 343 
to some degree (Fig. 7).   344 
 345 
Discussion 346 
Surface ocean temperature has a fundamental influence on primary productivity, community 347 
structure and trophic interactions (Taucher and Oschlies 2011). It plays a major role in 348 
controlling the health and physiology of phytoplankton, regulating cell metabolism, cell 349 
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volume, short-term nutrient uptake and macromolecular composition (Berges et al. 2002; 350 
Marañón et al. 2013; Montagnes and Franklin 2001). Because of its strong influence on 351 
physiology, temperature is considered a main determinant of species’ realised niches (Irwin et 352 
al. 2015; Irwin et al. 2012) and the principle driver underpinning phytoplankton biogeography 353 
(Longhurst 2010). As oceans become warmer however, the boundaries currently defined by 354 
species physiology will invariably begin to shift, altering the patterns and processes that 355 
currently dominate defined coastal and oceanic regions (Barton et al. 2016). Determining how 356 
phytoplankton will respond to future climate scenarios is complex but improved understanding 357 
of the phenotypic responses of diatoms to temperature will be invaluable for accurately 358 
predicting changes in community composition, productivity, biogeochemical cycling, and the 359 
health of our future oceans. 360 
 361 
Physiological responses to temperature 362 
Optimal growth in phytoplankton is obtained by sustaining energy balance in the cell; that is, 363 
balancing energy supply derived from photosynthesis with energy consumption via Calvin 364 
Cycle activity. Ideal conditions allow for photosynthesis to occur without biochemical or 365 
physiological modifications to the cell, whereas imbalances induced by sub-optimal conditions 366 
often result in changes to cell physiology. In this study, we determined the thermal optimum 367 
for growth of T. pseudonana as 21°C, consistent with previous thermal performance studies 368 
(Baker et al. 2016; Boyd et al. 2013). We confirmed a relatively broad thermal niche for T. 369 
pseudonana, with minimal variation in growth rates between 16 and 24 °C, indicative of its 370 
cosmopolitan distribution (Leblanc et al. 2012), but saw rapid declines in growth rate above 371 
and below these temperatures, identifying thermal thresholds for physiological homeostasis. 372 
The relatively high growth rates in this study (1-5 d-1) were a result of the growth conditions 373 
of high light levels (average ~250 µmol photons m-2 s-1) and constant air bubbling, which 374 
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enhance microalgal growth due to greater mass-transfer of CO2 and a more uniform light-field 375 
(Ugwu and Aoyagi 2012) as a result of stirring. 376 
 377 
The influence of temperature on photosynthesis is caused by complex kinetics of the enzyme 378 
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo). RuBisCo catalyses the first step 379 
in two competing pathways; photosynthetic carbon assimilation (via carboxylase activity) and 380 
photorespiration (via oxygenase activity). In T. pseudonana, photosynthetic performance, 381 
measured as P:R, peaked at a similar temperature (21.3°C) to growth optimum, and as with 382 
growth rates, dropped off rapidly with both warmer and cooler temperatures. These data would 383 
suggest that the temperatures just above Topt enhanced carboxylase performance in T. 384 
pseudonana, a response that has been shown to occur with increasing temperatures up to 30 °C 385 
(Salvucci and Crafts-Brandner 2004), after which CO2 affinity for RuBisCo declines, limiting 386 
photosynthesis. The decrease in P:R above 24 °C in this study, was driven by higher respiration 387 
rates. Higher temperatures are known to enhance respiration, reducing overall carbon use 388 
efficiency, and thus overall productivity (Padfield et al. 2016). At the other end of the bell 389 
curve, sub-optimal temperatures, such as the lowest temperature tested in this study (14 °C), 390 
likely inhibited carboxylase activity in T. pseudonana and therefore lowered photosynthetic 391 
energy production and slowed growth.  392 
 393 
Congruent with previous work we found a positive relationship between temperature and 394 
chlorophyll a content (Baker et al. 2016; Berges et al. 2002; Liang et al. 2019), which can be 395 
attributed to the temperature sensitive kinetics of carboxylase activity. Under cold conditions, 396 
temperature-dependent dark reaction rates slow, which means that less light is needed to 397 
saturate the photosystem that is operating at a reduced capacity (Ras et al. 2013). If no cellular 398 
adjustments are made, oversupply of energy production via photosynthesis (light reactions) can 399 
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lead to photoinhibition. Therefore, microalgae reduce their light-harvesting pigment content 400 
(Chl a), avoiding over-excitation of the photosystem and preventing damage (Geider 1987). 401 
This low-temperature chlorosis is a common adaptive response by microalgae to ameliorate 402 
photodamage when light levels remain consistent while temperatures drop (Geider 1987), as 403 
was the case in this study.  The lack of adjustment in photosynthetic electron transport and non-404 
photochemical quenching with temperature suggests that the reduction in chl a content was 405 
effective for avoiding photoinhibition in the low temperature cells.  406 
 407 
Morphological responses to temperature 408 
Size is a key phenotypic trait in phytoplankton, influencing the structure and functioning of 409 
pelagic food webs and determining the fate of organic carbon (Finkel et al. 2009; Sommer et 410 
al. 2016). Here we measured an increase in cell volume with temperature, consistent with 411 
previous temperature studies on T. pseudonana (Baker et al. 2016; Berges et al. 2002). The 412 
reason for temperature-induced cell enlargement is uncertain, potentially stemming from the 413 
slowing down of cell division, thereby allowing for larger cells to develop, or perhaps it is that 414 
cell size is a direct physiological response to warming and the high energetic cost of 415 
maintaining a large cell volume reduced the energy available for growth (Sommer et al. 2016). 416 
There is a similar lack of explanation for the significant shrinking of T. pseudonana cells with 417 
cooling. Given that division rates were not enhanced by lowered temperatures, no argument 418 
can be made for this resulting in smaller cell size. 419 
 420 
Total cell abundance if often considered the ultimate ‘ecological currency’ (Li et al. 2006), but 421 
in the context of ocean biogeochemistry or fisheries resources, productivity or biomass can 422 
have equal importance. We found total biomass (measured as biovolume) of the cultures 423 
peaked around the thermal optimum, indicating that differences in cell abundance because of 424 
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differences in growth rate were independent of the doubling in cell volume, voiding the idea 425 
that the additional biomass of larger cells might account for losses in cell number. Populations 426 
achieve maximum density once all available resources are spent. As such, yields can be 427 
enhanced only by an increase in available resources or by a decrease in resource use by 428 
individuals (DeLong and Hanson 2011). In our study, resource availability was fixed (with no 429 
additional nutrient input during the growth cycle), which implies that declines in maximum 430 
cell density at warmer temperatures could be due to increased resource demand via the kinetic 431 
effect of temperature on metabolic rates (Brown et al. 2004; Regaudie-de-Gioux and Duarte 432 
2012). Effectively, the T. pseudonana cells grown at higher temperatures may have 433 
experienced a trade-off, where larger body size and possibly greater resource requirement, 434 
resulted in reduced P:R and growth efficiency. If we consider predicted nutrient limitation that 435 
is expected to occur with shoaling of surface waters under warming conditions (Bopp et al. 436 
2001), it can be supposed that larger cells will undergo even slower growth, as demand for 437 
nutrients will more rapidly outstrips supply. In contrast, at lower temperatures slow division 438 
rates due to temperature constraints on enzymatic reactions, combined with smaller cells 439 
account for the low biomass yields. This would reduce nutrient demand and the resulting higher 440 
SA:V ratio would further ameliorate any potential nutrient limitation. 441 
 442 
One macronutrient uniquely essential for diatoms is silicon (Martin-Jezequel et al. 2000), 443 
which is used in frustule formation and is thus intimately linked with diatom cell growth and 444 
division (Darley and Volcani 1969; Martin-Jezequel et al. 2000). The strong increase in 445 
silicification of cells grown at cooler temperatures is consistent with previous work (Baker et 446 
al. 2016) and suggests a thermal constraint on silica uptake rates, polymerisation processes or 447 
frustule deposition. Previous work has shown growth rate to be anticorrelated with frustule 448 
thickness (Martin-Jezequel et al. 2000). Our data however, show a bell curve response for 449 
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growth rate and a clear non-linear response in silicification, with a sharp increase in silica 450 
incorporation as temperature is lowered to 16 °C, suggesting a thermal threshold at which 451 
silicification diminishes independent of cell division. It was recently shown that acidification 452 
of seawater diminished silicification in some cold-water diatoms (Petrou et al. 2019), and the 453 
present data suggests that warmer temperatures may elicit a similar effect. If so, with the 454 
combined expected changes to ocean temperature and pH, diatoms may experience compound 455 
effects on silicification processes. Given that this process is fundamental to diatom growth and 456 
biogeochemical cycling, further research in the context of climate change related ecological 457 
shifts are needed. 458 
 459 
Biochemical responses to temperature 460 
Diatom growth requires the uptake of nutrients and their conversion into biomass to form new 461 
cells. The rate of these biochemical processes is influenced by temperature, via its regulation 462 
on cell metabolism (Berges et al. 2002; Regaudie-de-Gioux and Duarte 2012). Biochemical 463 
responses of diatoms to temperature have been shown to be species specific (Sackett et al. 464 
2014), with marine microalgae shown to favour saturated fatty acid biosynthesis under both 465 
warmer conditions (Renaud et al. 2002) and cooler conditions (Converti et al. 2009). In this 466 
study, increased temperature caused an increase in relative saturated lipid and fatty acid 467 
content. We also saw an increase in protein with warming, congruent with changes seen in a 468 
low temperature adapted strain (16 °C) of T. pseudonana following a six degree increase in 469 
growth temperature(Liang et al. 2019). Given our strain was adapted to 20 °C, the increase in 470 
protein content detected at 28 °C closely reflects the response observed previously (Liang et 471 
al. 2019). While changes in lipid and protein content can have a profound effect at the level of 472 
an individual cell, alteration in their availability can impact food web structure and health 473 
(Bhavya et al. 2019; Jo et al. 2017; Laws 1991; Lindqvist and Lignell 1997). Proteins have a 474 
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higher carbon transfer efficiency to herbivores than other macromolecules (Lindqvist and 475 
Lignell 1997), whereas lipids present the highest caloric value and are generally synthesised as 476 
energy reservoirs (Bhavya et al. 2019), therefore increased concentrations in cells grown at 477 
warmer temperatures could mean greater nutrient availability for higher trophic organisms. It 478 
is important to mention that in this study, cells were also larger at warmer temperatures, and 479 
therefore it is tempting to suggest that differences in relative macromolecular content were a 480 
result of differences in cell size. However, in diatoms, the chemical composition of the cell has 481 
been shown to be largely independent of cell size, as diatoms increase their cell size 482 
predominantly via increasing the size of their central vacuole (Finkel et al. 2016; Finkel et al. 483 
2004) and as such, differences in relative nutritional value can be considered as largely 484 
independent of changes in size.  485 
 486 
Ecological and biogeochemical consequences 487 
Considering ecological consequences of our observed phenotypic responses, substantial 488 
structural and functional changes to pelagic food webs may ensue if our data are representative 489 
of diatoms in general. If we assume that a higher lipid:protein ratio is beneficial to zooplankton 490 
and other grazers, then cells grown at Topt would provide the best resource. However, if protein 491 
rich cells are favoured, then T. pseudonana grown at higher temperatures would be preferred. 492 
Grazing rates too are important considerations, as they are a function of cell size (Sommer et 493 
al. 2016). Larger cells may provide more food, but may also cause shifts in predator populations 494 
toward more generalist feeders and those able to graze on larger cells (Sommer et al. 2016). 495 
Similarly, we need to consider the role of changes to silicification, which were reduced at 496 
higher temperatures. Silica frustules act as mechanical protection against grazing; the thicker 497 
the frustule the harder to digest (Hamm et al. 2003). The decline in silica incorporated by T. 498 
pseudonana at warmer temperatures indicates thinner frustules that could be more easily 499 
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digested, possibly resulting in increased grazing. There is, however, yet another potential effect 500 
to consider;  with reduced silica deposition, vegetative cells may have difficulty in dividing, 501 
potentially causing diatom cells to enter a senescent stage of growth (Martin-Jezequel et al. 502 
2000). This in turn could lower secondary productivity and cause a decline in grazer 503 
reproductive success.  504 
 505 
If we consider these observed phenotypic changes in the context of future biogeochemistry, 506 
where warmer oceans lead to fewer, larger diatoms with lower silica content, consequences for 507 
carbon and silica export are evident. As the primary siliceous organism responsible for the 508 
production of biogenic silica in open ocean and coastal zones, the decline in both cell numbers 509 
and amount of silica per cell will mean less silica produced and ultimately exported (Tréguer 510 
and De La Rocha 2013). Similarly, larger cells contain less carbon per unit biovolume, a trait 511 
especially pronounced in diatoms because of cell vacuolation (Sommer et al. 2016), and thus 512 
fewer, larger diatoms may also reduce carbon export. The direct effect of these morphological 513 
changes on the diatoms ballast however, is unknown. The sinking velocity of phytoplankton is 514 
heavily dependent on cell size (Sommer et al. 2016), so the larger cells at warmer temperatures 515 
may be considered better sinkers, however, the four-fold difference in silicification may mean 516 
that the decreased frustule density at warmer temperatures may counter any gains via increased 517 
cell volume. Furthermore, T. pseudonana grown at warmer temperatures had more lipids, 518 
which are less dense than seawater, and combined with the knowledge that diatoms 519 
predominantly increase their size by increasing vacuolation (Finkel et al. 2016), it is fair to 520 
assume that ballast will be overall reduced. If so, combined with lower cell numbers and 521 
potentially higher grazing rates, we might anticipate more nutrient remineralisation in surface 522 
waters and an overall reduction in carbon and silica export to the ocean interior. This could be 523 
further exacerbated by nutrient limitation, due to projected increased ocean shoaling (Bopp et 524 
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al. 2001), whereby the larger cells, having higher nutrient requirements (Finkel et al. 2004), 525 
will be further challenged, and ultimately could result in localised extinction due to competition 526 
from smaller species.  527 
 528 
Conclusion 529 
Temperature plays an important role in the biological functioning of diatoms, which are 530 
integral to the biological pump and global biogeochemical cycling of carbon and silica. As 531 
temperatures continue to increase, it is important to understand how these environmental 532 
changes will impact diatoms and subsequent flow-on effects. This study investigated the 533 
changes in physiological characteristics, silicate deposition and macromolecular composition 534 
of model diatom species T. pseudonana in response to temperature. Based on the results herein, 535 
an increase in water temperature under future climate will bring forth fewer, but larger diatoms 536 
that are less productive, less silicified, but with higher lipid and protein content. Metabolically, 537 
these cells are expensive to run, with higher respiration rates and nutrient requirements. 538 
Ecologically, these larger, less silicified cells are more easily grazed and potentially a 539 
favourable energy source. Biogeochemically, reduced ballast in a warmer ocean has potentially 540 
severe implications for carbon and silica export. These broad ecological consequences derived 541 
from the observations presented, must be tempered by the fact that only one species was 542 
examined and we recognise that these effects will likely vary between species. Similarly, 543 
temperature was tested in the absence of other variables, thereby excluding interactive 544 
influences. Despite their limitations, temperature experiments on individual species constitute 545 
a fundamental component to building a better understanding of the impending effects of climate 546 
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Table 1 Mean temperature ± standard deviation (SD) for each temperature treatment. Data 784 
based on monitoring every 5 min throughout acclimation and experimental period using 785 
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Table 2 Infrared band assignments of IR spectra for T. pseudonana 792 
Wavenumber 
(cm-1) 
Biochemical assignment Reference 
   
~2917  vas(C–H) from methylene (–CH2), from saturated 
fatty acids 
 
(Vongsvivut et al. 2012) 
~2850 vs(C–H) from methylene (–CH2), from saturated 
fatty acids  
 
(Vongsvivut et al. 2012) 
~1745 v(C=O) of ester functional groups, from 
membrane lipids and fatty acids 
(Murdock and Wetzel 
2009; Vongsvivut et al. 
2012) 
 
~1544 δ(N–H) associated with proteins (amide II band) (Giordano et al. 2001) 
~1460 δas(CH3) and δas(CH2) of proteins (carboxylic 
group) 
(Giordano et al. 2005; 
Murdock and Wetzel 
2009) 
 
vas = asymmetrical stretch; vs = symmetrical stretch; δas = asymmetrical deformation (bend); δs = symmetrical 793 
deformation (bend). 794 
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Figure 1 Growth rates of T.pseudonana in response to temperature. A) Specific growth rates 797 
(per day-1), B) Specific growth rates of multiple strains of T. pseudonana from numerous 798 
studies, based on data collated by Kremer et al. (2017). Data represent individual measurements 799 
(n = 4), dark grey lines show the curve fit and light grey shading shows 95% confidence 800 
intervals.  801 
 802 
Figure 2 Physiological and morphological trait responses to temperature. A) cell volume 803 
(µm3), B) chlorophyll a content (fg/cell), C) relationship between chl a and cell volume and 804 
D) total culture biomass (mm3), calculated as the product of culture yield at the end of 805 
exponential growth (cells/mL) and cell volume (µm3). Data are individual measurements (n = 806 
4), dark grey lines are linear regressions and light grey shading represents the 95% confidence 807 
intervals. Note: y-axes are plotted on a log10 scale for plots A and B, and log10 scale of x and 808 
y-axes for plot C. 809 
 810 
Figure 3 Productivity and photophysiological response of T. pseudonana to temperature. A) 811 
Gross productivity to respiration ratio (P:R) and respiration rate (red triangles), data are 812 
individual measurements (n = 4), grey line shows the curve fit and shaded area represent 95% 813 
confidence intervals. B) Chlorophyll a fluorescence parameters maximum quantum yield of 814 
PSII (FV/FM), effective quantum yield (ΔF/FM′) and non-photochemical quenching (NPQ), data 815 
represent mean ± standard error (se) (n=4). C) Growth rate as a function of cell volume and D) 816 
Growth rate as a function of P:R, data are individual measurements (n = 4).  817 
 818 
Figure 4 Silica production and active incorporation. A) Biogenic silica (bSi) normalised to cell 819 
volume (fmol µm-3), data show the mean ± se (n = 4), grey line shows the regression and shaded 820 
36 
 
area represent 95% confidence intervals  and B) PDMPO incorporation rate (amol µm-3, d-1) in 821 
T.pseudonana grown at 16, 20, 24 and 28 °C. Data represent mean values ± se (n=3). 822 
 823 
Figure 5 FTIR analysis of T. pseudonana grown at 16, 20, 24 and 28 °C.  824 
Integrated peak areas for saturated lipids, saturated fatty acids, ester carbonyl of lipids,  amide 825 
II (protein) and protein-related methyl groups. Boxplots show the range of data, the 1st and 3rd 826 
quartile (box) and median (black horizontal line), with black dots as outliers. The subscript 827 
numbers at the bottom of the figure indicate cell replication (n) from 3-5 biological replicates. 828 
  829 
Figure 6 Relationships between lipids, proteins  and silica content in T. pseudonana grown at 830 
16, 20, 24 and 28 °C. A) Lipid:Protein, where the boxplot shows the range of data, the 1st and 831 
3rd quartile (box) and median (black horizontal line), with black dots as outliers. The subscript 832 
numbers at the bottom of the figure indicate replication (n). B) relationship between protein 833 
(amide II) and PDMPO incorporation and C) saturated fatty acids and PDMPO incorporation. 834 
In B and C, size of dot indicates mean cell volume, and colour indicates growth temperature. 835 
Data represent mean values ± se (n = 3). 836 
 837 
Figure 7 Principle component analysis (PCA) with vectors of physiological and morphological 838 
traits (growth rate, cell volume, chl a, biovolume, FV/FM, P:R, silicification) measured in T. 839 
pseudonana grown at 16, 20, 24 and 28 °C. Size of the dot indicates mean cell volume, colour 840 
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